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Summary
Sleep inertia is the brief period of performance impairment and reduced alertness 
experienced after waking, especially from slow-wave sleep. We assessed the effi-
cacy of polychromatic short-wavelength-enriched light to improve vigilant attention, 
alertness and mood immediately after waking from slow-wave sleep at night. Twelve 
participants (six female, 23.3 ± 4.2 years) maintained an actigraphy-confirmed sleep 
schedule of 8.5 hr for 5 nights, and 5 hr for 1 night prior to an overnight laboratory 
visit. In the laboratory, participants were awakened from slow-wave sleep, and im-
mediately exposed to either dim, red ambient light (control) or polychromatic short-
wavelength-enriched light (light) for 1  hr in a randomized crossover design. They 
completed a 5-min Psychomotor Vigilance Task, the Karolinska Sleepiness Scale, and 
Visual Analogue Scales of mood at 2, 17, 32 and 47 min after waking. Following this 
testing period, lights were turned off and participants returned to sleep. They were 
awakened from their subsequent slow-wave sleep period and received the opposite 
condition. Compared with the control condition, participants exposed to light had 
fewer Psychomotor Vigilance Task lapses (χ2[1] = 5.285, p = 0.022), reported feeling 
more alert (Karolinska Sleepiness Scale: F1,77  =  4.955, p  =  0.029; Visual Analogue 
Scalealert: F1,77 = 8.226, p = 0.005), and reported improved mood (Visual Analogue 
Scalecheerful: F1,77 = 8.615, p = 0.004). There was no significant difference in sleep-
onset latency between conditions following the testing period (t10 = 1.024, p = 0.330). 
Our results suggest that exposure to polychromatic short-wavelength-enriched light 
immediately after waking from slow-wave sleep at night may help improve vigilant 
attention, subjective alertness, and mood. Future studies should explore the potential 
mechanisms of this countermeasure and its efficacy in real-world environments.
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1  |  INTRODUC TION

Sleep inertia refers to the transient neurobehavioural impairments 
experienced immediately after waking from sleep. This period of 
reduced alertness and performance poses a significant safety risk 
to on-call workers who may be required to perform a safety-critical 
task immediately after waking (e.g. emergency services, health care 
and military). In these types of operations, the need for a rapid re-
turn to full alertness is critical to mission safety and success.

Previous research into the factors influencing sleep inertia has 
led to countermeasures that proactively minimize the severity and/
or duration of sleep inertia. For example, the risks posed by sleep 
inertia can be reduced by avoiding known factors that exacerbate 
it, such as wake-up times during the biological night (Scheer et al., 
2008); prior sleep loss or periods of extended wakefulness (Dinges 
et al., 1985; McHill et al., 2019); and waking from deep sleep (i.e. 
slow-wave sleep [SWS]; Dinges et al., 1985). These proactive strat-
egies, however, are not guaranteed to eliminate sleep inertia after 
waking. Indeed, sleep inertia can occur even in the absence of these 
exacerbating factors (Achermann et al., 1995; Hofer-Tinguely et al., 
2005; Scheer et al., 2008; Wertz et al., 2006), suggesting that it is 
a ubiquitous phenomenon that, while dynamic in severity through 
interaction with the two-processes model (Borbély, 1982), can po-
tentially occur after any sleep–wake transition.

Proactive strategies are not always feasible to implement. A 
short recuperative nap break while driving long distances, for ex-
ample, is often taken following extended wakefulness and/or to 
alleviate sleepiness at night, and therefore increases the risk of 
severe sleep inertia (Hilditch et al., 2016,2017). In fact, many of 
the conditions that are known to exacerbate sleep inertia effects 
are common, particularly in shift-working and on-call operations 
(Dawson et al., 2020; Ferguson et al., 2016; Vincent et al., 2018). 
Furthermore, although interventions administered pre-sleep or re-
quiring a pre-determined wake time may be appropriate in some set-
tings, they are of limited use in operational settings in which sleep 
opportunities are unpredictable (Figueiro et al., 2019; Hilditch et al., 
2016; Scheuermaier et al., 2018). Hence, there is an obvious need for 
reactive countermeasures to sleep inertia (i.e. countermeasures that 
can be implemented after any awakening to rapidly improve alert-
ness and performance).

A recent review of the literature on reactive countermeasures 
highlighted several research gaps and promising candidate interven-
tions for further investigation (Hilditch, Dorrian, et al., 2016). One 
viable countermeasure identified was light exposure upon awaken-
ing. Bright, short-wavelength-enriched light has been shown to elicit 
acute alerting effects during wakefulness (Lok et al., 2018; Souman 
et al., 2018), but its effects on alertness and cognitive performance 
during the sleep inertia period have yet to be convincingly demon-
strated. Light does not appear to be an effective countermeasure to 
sleep inertia experienced upon waking in the morning after a night 
of sleep (Santhi et al., 2013) or after a nap in the daytime (Hayashi 
et al., 2003). However, the acute alerting effects of light on alert-
ness and performance are dampened during the day relative to the 

night, suggesting that using light as a countermeasure to sleep iner-
tia during the night may be more effective than using it during the 
day (Lok et al., 2018; Souman et al., 2018).

Thus, we tested the use of polychromatic short-wavelength-
enriched light as a countermeasure to sleep inertia following 
awakenings under conditions known to exacerbate sleep inertia 
symptoms (i.e. from SWS during the biological night, and following 
sleep restriction), in a within-subject, randomized, crossover inter-
vention study. We hypothesized that under these conditions re-
flecting real-world awakenings with combined influences from the 
three-process model of alertness (Folkard & Åkerstedt, 1992), the 
intervention would improve vigilant attention, alertness and mood 
during the awakening period relative to the control condition.

2  |  MATERIAL S AND METHODS

2.1  |  Participants

Twelve healthy young adults were recruited to participate in the 
study. Participants were subjected to the following inclusion crite-
ria: (1) normal sleepers (Pittsburgh Sleep Quality Index ≤ 5; no self-
reported sleep problems; habitual sleep 7–9 hr); (2) healthy (General 
Health Screening Questionnaire, personal physician's permission 
to participate, approval from onsite physician upon review of full 
blood work screening); (3) free of illicit substances and nicotine (urine 
toxicology screen at on-boarding and each laboratory visit); (4) free 
of alcohol during the study period (breathalyser at each laboratory 
visit); and (5) no shiftwork or travel > 3 time zones in the past 3 months 
(self-report).

Participants provided written informed consent prior to partici-
pation in the screening activities and the in-laboratory protocol. The 
study protocol was approved by the NASA Ames Research Center 
Institutional Review Board.

2.2  |  Protocol

Participants completed a 2-week within-subject, randomized, cross-
over intervention study including two in-laboratory overnight visits. 
The methods and results of 1 week of this study are presented here, 
which, for half of the sample, was their first week in the study. The 
sleep–wake protocol during the other week was identical to the one 
described here. The presentation order of the intervention or con-
trol at wake-up within the experimental night was randomized by 
sex.

2.2.1  |  At-home

Participants were required to follow a fixed sleep–wake schedule 
for the 6 nights leading up to the in-laboratory visit. The at-home 
sleep–wake schedule consisted of 5 nights of 8.5 hr of time-in-bed 
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followed by 1 sleep-restricted night of 5 hr of time-in-bed (Figure 1). 
Sleep timing was determined by each participant's self-reported ha-
bitual sleep pattern. Sleep on the sixth night was restricted by de-
layed sleep onset, allowing for a fixed morning wake time across the 
protocol. The purpose of the sleep restriction was to increase sleep 
pressure (ÅKerstedt & Gillberg, 1986; Tassi et al., 2006). The follow-
ing day, participants were provided with transport to the Fatigue 
Countermeasures Laboratory at NASA Ames Research Center for 
an overnight visit.

2.2.2  |  In-laboratory

Participants arrived at the laboratory approximately 5 hr before their 
habitual bedtime. During the evening, participants were familiarized 
with the test battery and study procedures, performed two baseline 
test batteries, and were set-up for sleep recording.

Participants slept and performed all study tasks in a light-
controlled, sound-attenuated, temperature-controlled room 
(22  ±  1°C). At the participant's habitual bedtime, all lights were 
turned off (< 0.3  lux) and the participant was allowed to sleep. 
Electroencephalography (EEG; BrainVision Recorder, Brain Products 
GmBH) was monitored during the sleep period to identify SWS 
stages (Stages 3 and 4; Rechtschaffen & Kales, 1968). Participants 
were awakened after a minimum of 10 consecutive live-scored 30-s 
epochs of SWS. Sleep was re-scored offline to confirm sleep stage 
at awakening.

The awakening procedure involved an alarm (similar to a phone 
ring tone), immediately followed by a researcher knocking on and 
opening the bedroom door with the instructions, “NAME, it's time to 
wake up, please sit up carefully on the side of the bed ready for test-
ing”. A dim, red ambient light (0.26 lux, 0.00 W m–2, 0.10 equivalent 
daylight [D65] illuminance [EDI] melanopic lux, and peak at 714 nm) 
was turned on as the researcher entered the room during each night 
awakening. The intervention and testing equipment were moved 
into position ready for the intervention (or control) to be delivered 
1 min after the wake-up call, and for testing to begin 2 min after the 
wake-up call.

The test battery was repeated four times at 15-min intervals 
(test bout 1, 2, 3, 4 at +2, +17, +32 and +47 min after the wake-up 
call, respectively). At the end of the testing period, all lights were 
turned off and the participant was then allowed to fall back asleep. 
The participant's EEG was monitored again until the next period of 
10 consecutive live-scored 30-s epochs of SWS occurred, at which 
time the participant was awakened again using the same procedure 
as described above. Following the second testing period, all lights 
were turned off and the participant was allowed to sleep undis-
turbed until their habitual wake time. Participants were allowed to 
leave the laboratory approximately 1 hr after their habitual wake 
time.

2.3  |  Intervention

A 12" x 24" canvas of polychromatic short-wavelength-enriched 
light-emitting diodes (Circadian Positioning Systems) was positioned 
at 15 degrees to horizontal angle of gaze and approximately 56 cm 
away from the participant. Illuminance, irradiance, melanopic EDI 
and peak spectra were measured via a Spectroradiometer ILT950 
(International Lighting Technologies) as 242.77  lux, 0.95  W m–2, 
338.03 melanopic lux and 456 nm, respectively. Light readings were 
confirmed prior to each experimental night. The light canvas was 
turned on 1 min after the wake-up call to allow time to set the light-
ing rig into the correct position and have the participant sit up on 
the side of the bed. The light was illuminated 1 min before testing 
began and remained on throughout the sleep inertia testing period 
(~1 hr), and was turned off immediately after the completion of the 
final task. The light was positioned identically in the control condi-
tion but remained off.

2.4  |  Measures

A 5-min version of the Psychomotor Vigilance Task (PVT) was used 
to assess vigilant attention (PVT-192; Ambulatory Monitoring; Loh 
et al., 2004; Roach et al., 2006). We assessed the mean of the 

F I G U R E  1 Protocol schematic. White shading indicates the awake at-home portion of study. Grey shading indicates in-laboratory 
activities including baseline testing. Black shading indicates sleep periods. Black circles represent test bouts. Order of polychromatic 
short-wavelength-enriched light intervention (blue shading) and dim red light control (red shading) were randomized. Times shown are 
approximate and varied depending on habitual sleep–wake times and slow-wave sleep (SWS) periods
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Blue-enriched light intervention
Dim red light control

• Test bout
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reciprocal response times (1000/RT, response speed) and number 
of lapses (reaction time > 500 ms) at baseline and during the sleep 
inertia arousals. These outcome metrics were chosen based on 
their sensitivity to sleep loss as reported by Basner and Dinges 
(2011), and previous demonstrations of these metrics being sensi-
tive to sleep inertia (Van Dongen et al., 2001; Hilditch, Centofanti, 
et al., 2016).

Subjective sleepiness was measured using a pen-and-paper 
version of the 9-point Karolinska Sleepiness Scale (KSS; Miley 
et al., 2016) ranging from 1 (Very alert) to 9 (Very sleepy, great 
effort to keep awake). Participants rated their mood on a range 
of Visual Analogue Scales (VAS). Each 100-point VAS was an-
chored by a mood descriptor at each end of the scale. Scales in-
cluded: (1) alert–sleepy; (2) cheerful–miserable; (3) calm–tense; 
(4) depressed–elated; (5) stressed–relaxed; (6) peaceful–hostile; 
(7) greedy–generous; (8) aggressive–easygoing; and (9) lethargic–
energetic. Participants marked along the line with a pen on paper 
to indicate their mood relative to the anchor terms. The ambient 
light in the control condition was sufficient to easily read and re-
spond to these scales.

2.4.1  |  Polysomnography

Sleep was monitored and recorded using BrainVision 32-channel 
caps (Brain Products GmbH, Munich, Germany) and BrainVision 
Recorder software (Brain Products GmbH). Recording was set to a 
sampling rate of 500 Hz, high cut-off filter of 70 Hz and notch fil-
ter of 60 Hz. Electrode impedances were checked and confirmed 
as < 10  kOhms prior to recording. Sleep during the in-laboratory 
night was monitored and live-scored for a minimum of 10 consecu-
tive 30-s epochs of Stage 3 or 4  sleep (i.e. SWS), the observation 
of which would trigger the wake-up protocol described above. 
Sleep was scored offline by a single blinded scorer (EEF-E) follow-
ing Rechtschaffen and Kales (1968) rules using BrainVision Analyzer 
(Brain Products GmbH).

2.5  |  Statistics

To determine the impact of light across the testing period, we used 
a linear mixed-effects model with fixed effects of condition (light, 
control), test (1–4, at +2, +17, +32, +47 min post-wake-up call), 
condition × test interaction, and a random effect of participant 
(intercept). The average of the two pre-sleep baseline tests was 
included as a covariate. Due to overdispersion, a negative bino-
mial mixed-effects model with the same factors was used to ana-
lyse the lapse data. Effect size was calculated using R2 (marginal 
and conditional). Sleep metrics were compared between condi-
tions using paired samples t-tests with effect size calculated using 
Hedge's g. An α-value of 0.05 was considered significant except 
when corrected for multiple comparisons within a construct using 
the Bonferroni technique.

3  |  RESULTS

Twelve participants completed the study and are described in 
Table 1. Due to an equipment failure, one participant was excluded 
from the PVT analyses (n = 11). Due to data file corruption, one par-
ticipant was excluded from the sleep-onset latency analysis in the 
control condition (n = 11).

Compared with the control condition, participants exposed to 
polychromatic short-wavelength-enriched light had fewer lapses on 
the PVT (main effect of condition, χ2 [1] = 5.285, p = 0.022; marginal 
R2 (R2

M) = 0.265, conditional R2 (R2
C) = 0.752; Figure 2). There was 

no significant effect of light on PVT speed (F1,70 = 1.984, p = 0.163). 
A summary of statistics can be found in Table 2. While not our pri-
mary PVT metrics of interest, median RT and fastest 10% RT have 
previously been shown to improve with blue-enriched light inter-
ventions (Chellappa et al., 2011), and are plotted in the supplemental 
material for reference (Figure S1).

Compared with the control condition, participants exposed to 
polychromatic short-wavelength-enriched light reported feeling 
more alert (main effect of condition, KSS: F1,77 = 4.955, p = 0.029, 
R2
M  =  0.107, R2

C  =  0.623; VASalert: F1,77  =  8.226, p  =  0.005, 
R2
M = 0.086, R2

C = 0.651), more cheerful (VAScheerful: F1,77 = 8.615, 
p = 0.004, R2

M = 0.216, R2
C = 0.782), less depressed (VASdepressed: 

F1,77 = 4.649, p = 0.034, R2
M = 0.480, R2

C = 0.697) and less lethar-
gic (VASlethargic: F1,77 = 5.652, p = 0.020, R2

M = 0.114, R2
C = 0.760; 

TA B L E  1 Participant demographics (n = 12)

Male

n (%)

6 (50%)

Mean SD Range

Age (years)
At-home sleep duration (hr)

23.3 4.2 19–35

Nights 1–5 7.2 0.6 6.0–8.3

Night 6 4.4 0.3 3.8–5.1

Bedtime

Nights 1–5 23:53 00:49 21:59–0:15

Night 6 02:28 00:56 1:27–3:36

Wake time

Nights 1–5 07:24 00:49 6:25–8:44

Night 6 07:28 00:55 6:29–8:32

Questionnaires

PSQI 2.0 1.2 0–4

FSS 27.1 6.7 16–39

MEQ 55.6 6.4 45–64

Sleep variables estimated by actigraphy: sleep duration = sleep period 
minus wake after sleep onset; bed time = start of attempted sleep 
period; wake time = end of attempted sleep period. Range and SD are 
based on all individual nights, not means by participant.
FSS, Fatigue Severity Scale; MEQ, Morningness–Eveningness 
Questionnaire; PSQI, Pittsburgh Sleep Quality Index; SD, standard 
deviation.
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Figure 3). The significant changes in depression and lethargy did 
not persist after corrections for multiple comparisons (α = 0.006). 
There was no significant effect of light on the other mood scales 
(p > 0.05).

3.1  |  Sleep

Offline scoring confirmed that each wake-up episode was imme-
diately preceded by SWS. The average (±  SD) consecutive SWS 
minutes prior to wake up was 7.1 (± 2.4) in the light condition and 
7.3 (± 2.2) in the control condition. Average sleep-onset latency 
following the testing period was 7.7 (± 4.5) min in the light condi-
tion and 5.3 (± 5.9) min in the control condition. Two-tailed paired-
samples t-tests revealed no significant differences between 
conditions with regard to amount of consecutive SWS before 
wake-up (t11 = −0.219, p = 0.831; Hedge's g = −0.061), or sleep-
onset latency after the testing period (t10  =  1.024, p  =  0.330; 
Hedge's g = 0.298). Table 3 displays the sleep stage statistics for 
the sleep episodes prior to each wake-up by condition. There were 
no significant differences between the two conditions for any 
sleep metric (all p > 0.05).

On average, the first wake-up occurred at 23:46 ± 01:11 hours 
with a sleep-onset latency of 7.1 ±  6.4 min; the second wake-up 
occurred at 01:16  ±  00:52 hours with a sleep-onset latency of 
5.9  ±  3.6 min. It should be noted, however, that bedtimes varied 
based on habitual sleep patterns of participants. Therefore, varia-
tion in clock timing within a wake-up does not necessarily reflect 
variation in circadian timing across individuals.

F I G U R E  2 Violin plot overlaid with box plot and individual 
data points depicting change from baseline for Psychomotor 
Vigilance Task (PVT) performance across the sleep inertia testing 
period by condition (blue = light; red = control). Bold lines indicate 
median, box hinges represent first and third quartiles, whiskers 
extend to 1.5 times the interquartile range (IQR), individual data 
points displayed and visualized with density curves. RT = reaction 
time. Main effect (Bonferroni-corrected) of condition for lapses 
(p = 0.022)

TA B L E  2 Summary of statistics

Variable

R2 p-Values

Marginal Conditional Condition Test Condition × Test

PVT lapses 0.265 0.752 0.022a,b 0.261 0.944

PVT speed 0.572 0.859 0.163 0.043a 0.984

KSS 0.107 0.623 0.029a,b 0.359 0.753

VAS alert 0.086 0.651 0.005a,b 0.109 0.875

VAS cheerful 0.216 0.782 0.004a,b 0.504 0.822

VAS calm 0.064 0.595 0.640 0.800 0.761

VAS depressed 0.480 0.697 0.034a 0.714 0.587

VAS stressed 0.087 0.600 0.810 0.677 0.895

VAS peaceful 0.046 0.629 0.224 0.768 0.883

VAS greedy 0.234 0.753 0.491 0.166 0.969

VAS aggressive 0.188 0.654 0.236 0.912 0.938

VAS lethargic 0.114 0.760 0.020a 0.834 0.852

Trigamma R-squared values are reported for PVT lapses. Alpha values were adjusted by construct using the Bonferroni correction: PVT (α = 0.025); 
KSS (α = 0.05); VAS (α = 0.006).
aUncorrected significant p-values.
bAdjusted significant p-values.
KSS, Karolinska Sleepiness Scale; PVT, Psychomotor Vigilance Task; VAS, Visual Analogue Scale.
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4  |  DISCUSSION

We found that participants had fewer lapses of attention upon 
awakening when exposed to polychromatic short-wavelength-
enriched light compared with dim red light. In addition, participants 
reported feeling more alert, more cheerful, less depressed and less 
lethargic in the polychromatic short-wavelength-enriched light con-
dition. Participants did not take longer to return to sleep after the 
light intervention compared with control. Given the need to miti-
gate the potential impact of sleep inertia on safety-critical tasks in 

on-call operations, our findings suggest that polychromatic short-
wavelength-enriched light exposure upon awakening may help 
improve elements of cognitive performance, alertness and mood 
during the sleep inertia period following awakening from deep, noc-
turnal sleep.

Our study showed that polychromatic short-wavelength-enriched 
light was able to improve alertness, mood and vigilant attention fol-
lowing an awakening from SWS compared with dim light. We chose 
to focus our study on awakenings from SWS as previous studies 
have shown a positive association between waking from SWS, or the 
amount of slow-wave activity in a sleep episode, and sleep inertia se-
verity (Bruck & Pisani, 1999; Dinges et al., 1985; Stampi, 1992; Vallat 
et al., 2019). Furthermore, our study design incorporates several 
other known exacerbating factors of sleep inertia, namely, prior sleep 
loss (McHill et al., 2019; Miccoli et al., 2008) and awakening at night 
(Scheer et al., 2008). This finding suggests that light is a relatively 
effective countermeasure given that it is able to produce an effect 
during severe sleep inertia. Light could be useful as a countermeasure 
against the influence of sleep inertia when waking from other stages 
of sleep at night, although further research is needed to identify the 
mechanism(s) by which it exerts its influence. For example, on-call 
awakenings could also occur towards the end of the night when rapid 
eye movement (REM) sleep is more prevalent (Czeisler et al., 1980). A 
complementary study addressing the efficacy of this countermeasure 
during early morning awakenings from REM sleep would be a valu-
able addition to this field of research.

Despite several papers referencing reduced mood during the 
sleep inertia period, closer inspection of these studies revealed that 

F I G U R E  3 Violin plot overlaid with box 
plot and individual data points depicting 
change from baseline for subjective Visual 
Analogue Scales (VAS) of mood across the 
sleep inertia testing period by condition 
(blue = light; red = control). Bold lines 
indicate median, box hinges represent 
first and third quartiles, whiskers extend 
to 1.5 times the interquartile range 
(IQR), individual data points displayed 
and visualized with density curves. Main 
effect (Bonferroni-corrected) of condition 
for alertness (p = 0.005) and cheerfulness 
(p = 0.004)

TA B L E  3 Mean (SD) sleep statistics for the sleep episodes prior 
to each wake-up condition

Variable Light Control
p 
(df = 11)

Hedge's 
g

Wake (min) 7.2 (5.4) 8.3 (6.2) 0.569 −0.164

Stage 1 (min) 1.6 (1.5) 2.6 (2.4) 0.172 −0.407

Stage 2 (min) 16.3 (12.6) 15.0 (11.9) 0.307 0.298

Stage 3 (min) 2.8 (1.2) 3.5 (2.0) 0.186 −0.394

Stage 4 (min) 5.9 (3.5) 5.8 (3.1) 0.915 0.031

REM (min) 0.0 (0.0) 0.4 (1.4) 0.339 −0.279

TIB (min) 34.1 (14.0) 35.6 (16.6) 0.464 −0.212

TST (min) 26.5 (13.3) 27.2 (11.6) 0.710 −0.106

SE (%) 77.7 (13.5) 78.0 (10.3) 0.945 −0.019

Alpha values were adjusted using the Bonferroni correction: α = 0.006.
df, degrees of freedom; REM, rapid eye movement; SD, standard 
deviation; SE, sleep efficiency; TIB, time in bed; TST, total sleep time.
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“mood” often refers to measures of sleepiness rather than traditional 
mood states (Asaoka et al., 2010; Kubo et al., 2010). To our knowl-
edge, there are no prior reports of a mood assessment during the 
sleep inertia period in a non-clinical population (see Trotti, 2017 for 
a review in clinical populations). Hayashi and colleagues (2003) did 
collect a single 5-point scale of mood following a daytime nap but 
did not report the results relative to a baseline or control, thus limit-
ing interpretation of the results. Thus, our observations of worsened 
mood during awakenings from SWS at night relative to pre-sleep 
appear to be the first in this field. Future studies dedicated to the as-
sessment of mood using more thorough mood scales such as Profile 
of Mood States or Positive and Negative Affect Scale are of interest 
to define the mood profile of the post-awakening state under differ-
ent conditions. Furthermore, our observation of improved mood in 
the light condition supports prior studies and is an important ben-
efit when translated to occupational settings (Viola et al., 2008). 
Negative mood has the potential to impact teamwork dynamics and 
ultimately performance outcomes (Jordan et al., 2006).

We are the first to report a significant effect of post-awakening, 
polychromatic short-wavelength-enriched light on a cognitive per-
formance task during the first hour after waking. The acute alerting 
effects of short-wavelength-enriched light on cognitive perfor-
mance have been reported during wakefulness, but prior attempts 
to demonstrate this effect when administered during the sleep in-
ertia period have not been successful (Hayashi et al., 2003; Santhi 
et al., 2013). Our significant findings are unlikely to solely be due 
to the duration, intensity or spectrum of light exposure given that 
Santhi and colleagues’ (2013) study exposed participants to bright, 
short-wavelength-enriched light (750  lux; Melanopsin Weighted 
Photon Density [MWPD] 2.32 × 1018 photons m–2 s–1) for 6.5  hr. 
We theorize that our observations are, at least in part, due to the 
time of day that the light intervention was delivered. We woke par-
ticipants during their habitual sleep time as opposed to during an 
afternoon nap (Hayashi et al., 2003) or at their habitual wake time 
(Santhi et al., 2013). Evidence from studies assessing the acute alert-
ing effect of light during the daytime have had mixed results (Lok 
et al., 2018; Souman et al., 2018), with many failing to observe any 
improved outcomes (Segal et al., 2016), or reporting a reduced ef-
fect relative to exposure at night (Rahman et al., 2014). Although 
the phase–response curve of light with regard to circadian shifts is 
well established, a response profile for the acute effects of light has 
yet to be systematically determined, nor is the effect of light during 
the sleep inertia period well understood. Interestingly, Figueiro and 
colleagues (2019) demonstrated a beneficial effect of red light de-
livered through goggles after a nighttime awakening. In this study, 
sleep was not objectively measured, therefore the impacts of sleep 
depth and sleep stage at awakening on the results are unknown. 
While we observed better outcomes with the polychromatic short-
wavelength-enriched light intervention compared with our red light 
control, a direct comparison of the light devices used in the respec-
tive studies, under controlled sleep stage conditions, is needed in 
order to determine the relative influence of light wavelength during 
the sleep inertia period.

A potential mechanism for the acute effects of light demon-
strated in our study could be the suppression of melatonin. Lockley 
and colleagues (2006) showed a positive correlation between the 
degree of melatonin suppression, cognitive performance, subjective 
alertness and decreased power in the delta–theta range at night. 
We did not measure melatonin in our study, but prior studies have 
demonstrated that the composition of the light that we used is suffi-
cient to suppress melatonin (West et al., 2011). The acute effects of 
light may also, or alternatively, be working through other physiolog-
ical systems independent of melatonin such as distal skin tempera-
ture (Lok et al., 2019), which is a known biomarker of the sleep–wake 
transition (Kräuchi et al., 2004, 2005) and can be manipulated with 
light (Cajochen et al., 2005). It is possible that the effects we ob-
served during the sleep inertia period were, at least partially, a result 
of light directly acting on the circadian and/or homeostatic system 
rather than on sleep inertia per se. In addition, the absence of a test 
or condition-by-test interaction effect may have been due to a com-
mensurate elevation in homeostatic pressure as sleep inertia dissi-
pated. Our study measured alertness and vigilant attention under a 
combination of pressures from the three-process model, therefore 
we are unable to disentangle the relative actions of light on these 
individual systems. It is important to understand the mechanisms 
underlying the observed effects in order to further develop targeted 
countermeasures for different scenarios. Nevertheless, our demon-
stration of light improving alertness, mood and vigilant attention 
immediately after waking from SWS at night provides an important 
example of an effective countermeasure in a wake-up scenario com-
mon to on-call workers.

We assessed sleep-onset latency following each awakening 
and observed no significant differences between the two condi-
tions. This finding suggests that exposure to polychromatic short-
wavelength-enriched light of moderate intensity for an hour during 
the first half of the night did not impair participants’ ability to return 
to sleep. The lack of differences between sleep-onset latency in the 
two conditions is an important finding because countermeasures 
that disrupt subsequent sleep may not be appropriate in on-call sce-
narios where an opportunity to return to sleep after a wake-up is 
provided, or in the case of false alarms. Overall, these findings sug-
gest that moderate-intensity short-wavelength-enriched light expo-
sure as a countermeasure to sleep inertia in the first half of the night 
may be a more suitable candidate in some scenarios compared with 
caffeine, which has a long half-life and can impair subsequent sleep 
opportunities (Juliano & Griffiths, 2004; McHill et al., 2014). Further 
research is needed to determine whether light of different timing, 
spectra or intensity would yield the same results.

We evaluated an operationally viable countermeasure to sleep in-
ertia to allow for translation and implementation of these results into 
strategies for promoting alertness in the workplace. Polychromatic 
short-wavelength-enriched light exposure after waking from deep 
sleep could improve the alertness, mood and vigilant attention of 
on-call and on-site napping workers such as first responders, doc-
tors and military service members. The light canvas we used is a 
practical intervention that is easy to install. Furthermore, light is 
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a passive intervention in that it allows personnel to perform other 
tasks during the intervention (unlike other potential interventions 
such as exercise). We used a dim red light as our control condition. 
Further research is needed to determine whether polychromatic 
short-wavelength-enriched light is effective relative to other occu-
pational light settings.

Although our study employed a randomized, crossover, within-
subjects design to test the effect of light on sleep inertia following 
nocturnal awakenings from deep sleep, it is not without limitations. 
Firstly, we do not have a measure of circadian phase. To reduce cir-
cadian variability between participants, all participants were regular 
healthy sleepers, non-extreme on the Morningness–Eveningness 
Questionnaire (MEQ), and were scheduled according to their habitual 
bedtime. However, within the study night, the intervention and con-
trol wake-ups were conducted at slightly different circadian times and 
following differing sleep pressures. Our randomized order of inter-
vention aimed to address this potential order effect. Furthermore, we 
do not know whether light exposure altered circadian phase within 
the night and how this might affect the use of light as a countermea-
sure to sleep inertia in repeated exposures. However, field studies 
of nightshift-workers have shown that several consecutive nights 
of nocturnal light exposure only facilitate a modest phase shift at 
best (Ferguson et al., 2012; Stone et al., 2018). Given the degree of 
individual variation in circadian adaptation and response to light in 
real-world settings (Stone et al., 2018), future studies should include 
a measure of circadian phase and trial repeated light exposures across 
several wake-ups to test both the efficacy of repeated exposures and 
the potential influence on circadian rhythms. In addition, studies em-
ploying a larger sample size to investigate potential sex differences 
in the response to light during the sleep inertia period are warranted 
given the findings from Chellappa et al. (2017) showing males have a 
stronger response to blue-enriched light. Finally, given the novelty of 
our study design and intervention, we chose to focus our assessment 
of cognitive performance using the well-established PVT. It is difficult 
to assess the impact of sleep inertia on multiple cognitive domains 
in one study as the effects of sleep inertia are uniquely time-critical. 
Future studies should trial other, more complex cognitive perfor-
mance tasks that are also sensitive to sleep inertia (e.g. visual search 
task; Burke et al., 2015) to determine whether the effects of light on 
vigilant attention extend to other cognitive domains.

5  |  CONCLUSION

The risk of cognitive performance impairment during the sleep in-
ertia period needs to be managed when safety critical tasks are re-
quired soon after waking. Our study showed that exposure to bright, 
polychromatic short-wavelength-enriched light following awakening 
from SWS improved vigilant attention, alertness and mood com-
pared with a dim, red light. Further research is required in order to 
determine the mechanisms through which light exerted these ef-
fects and whether there are any potential circadian side-effects. Our 
light intervention should also be tested in the workplace to confirm 

its efficacy under real-world conditions. Further exploration into 
other reactive countermeasures, and potentially their combination, 
is needed in order to improve the performance and safety of those 
required to undertake safety-critical tasks soon after waking.
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